This review, covering mainly papers of the last decade, focuses on recent findings on the different factors affecting the chemical composition of essential oils, such as exogenous and endogenous factors. The endogenous factors are related to anatomical and physiological characteristics of the plants and to the biosynthetic pathways of the volatiles, which might change in either the different tissues of the plants or in different seasons, but also could be influenced by DNA adaptation. The exogenous factors, over a long period, might affect some of the genes responsible for volatiles formation. Those factors lead to ecotypes or chemotypes in the same plant species. In the last few years chemotaxonomy has been widely used to classify plants with essential oils characterized by intra-specific chemical polymorphism. It could be evidenced that chemotypes are frequently genotypes and recently the application of the Random Amplified Polymorphic DNA (RAPD) markers, coupled with powerful statistical methods, appeared to be useful in discriminating the different genotypes. The data presented led to the suggestion that further chemotaxonomic studies should be the result of the analysis of morphological traits combined both with chemical and molecular markers.
Introduction
Secondary metabolism is typical of plants and microorganisms, and secondary metabolites are known to derive from the acetate, shikimate and mevalonate pathways [1] . From the first are derived fatty acids and other biologically-active compounds, such as antibiotics, and those with antitumor and antidepressant activities. The mevalonate pathway has been considered the universal route for the formation of C(5) n compounds known as terpenes, derived from the combination of the isoprenoid monomers, isopentenyl pyrophosphate (IPP), and dimethylallyl pyrophosphate (DMAPP). From schikimic acid originate the amino acids L-phenylalanine and L-tyrosine and the phenyl propane derivatives (C6C3), such as cinnamic acid and p-coumaric acid, respectively (Figure 1 ). Recently it was found that in plants and microorganisms both the mevalonate and an alternative pathway occur, the latter known as the deoxyxylulose pathway. In the latter, the first intermediate is 1-deoxyxylulose-5-phosphate, derived from pyruvate and glyceraldehyde-3-phosphate, which leads to isopentenyl pyrophosphate, which in turn can be converted to dimethylallyl pyrophosphate ( Figure 2 ) [2] . Essential oils (EOs), one of the secondary products of plants, are generally complex mixtures of volatile terpenes and phenyl propanes, but some also contain moderate amounts of hydrocarbons, or sulfur compounds.
Franz [3] reported that evaluation of chemical variation in EOs involves the study of at least three major factors: 1) individual genetic variability; 2) variation among different plant parts and the different developmental stages; and 3) modifications due to the environment. In the last decade a lot of papers have been published dealing with the intraspecific chemical variability of plants, the influence of seasonal variation on the chemical composition, the harvesting time, and the part of the plant used, with the application of chemometrics, such as Cluster Analysis and Principal Component Analysis (PCA), This review focuses on recent findings on the factors affecting the chemical composition of EOs, covering mainly papers of the last decade. The correlation of chemical and genetic differences, investigated by the RAPD-technique, is presented. The final goal of the present paper was to provide new approaches for further chemotaxonomic studies.
Chemotaxonomy and chemical-polymorphism:
Chemotaxonomy contributes to the classification of plants when uncertainty exists using classical botanical methods [4] [5] [6] . In the last few years chemotaxonomy has been widely used to classify essential oil containing plants and has demonstrated intra-specific chemical polymorphism [7] . Chemical polymorphism consists of the existence of plants from the same species that have modified the production of their secondary metabolites for different reasons. Chemical polymorphism of aromatic plants is a widespread phenomenon described by a number of researchers. Several chemotypes of aromatic plant species have been identified, but have not yet been clearly related to the possible causes.
This phenomenon is well known for the genus Thymus [8] [9] [10] [11] [12] [13] [14] , and botanists are often in disagreement on the taxonomy of this genus. Thus chemotaxonomy is a help in its classification. The identification of three chemical clusters (α-pinenetype, β-phellandrene-type, and α-terpenyl-acetatetype) for Juniperus phoenicea L. ssp. turbinata from Portugal and chemical polymorphism of the same species from Corsica, was also reported [15, 16] . Chemical polymorphism in some Turkish aromatic plants of the family Lamiaceae has been described and related to environmental and growth factors [17] .
Regarding Salvia fruticosa Mill., it was not possible to identify the relationship between chemical variations and the habitat so the "genetic-answer" was proposed, but not investigated [18] . Hence chemical polymorphism is widely diffused between aromatic plants and it often depends on a combination of factors that are quite difficult to verify. In this review, possible factors affecting the chemical composition of EOs will be analyzed in order to understand their effect on plant metabolism that could generate ecotypes and chemotypes in the same plant species.
The exogenous factors
Exogenous factors, such as light, precipitation, growing site (altitude, latitude), and nature of the soil (pH, constituents) are generally related to the environment.
Light, precipitation, growing site, and soil:
Light is responsible for the increasing concentration of monoterpenes and phenyl propanes in Ocimum basilicum L. [19] , and causes increases in the concentration of monoterpenes in Satureja douglasii Benth. [20] . In general, these results are in agreement with the observation that many enzymes of the secondary pathways are UV-B-dependent [21] . Availability of water can influence secondary metabolism because the biosynthetic reactions occur in an aqueous medium. It is known that increases of water availability increase monoterpenes production [22, 23] . In contrast, it has been reported that an increase in some monoterpenes in the EO of Thymus piperella L. occurs when the water availability is low [24] .
The influence of altitude on the chemical composition of the EOs of Helichrysum italicum G. Don ssp. microphyllum (Willd) Nym has been reported [25] . The essential oil varied significantly from plants growing at 200-900 m and from those growing at 0-100 m. The positive relationship between altitude and concentration of some monoterpenes of the EO of Thymus piperella L. has also been reported [24] .
Proximal latitudes influence the chemical composition of the essential oil of Citrus bergamia Risso [26] . The essential oil of Hyptis suaveolens L. obtained from low latitudes was richer in sesquiterpenes [27] , and similar results were obtained for the EO of Satureja montana L. ssp. montana [28] .
In the context of the environmentally-regulated factors, the nature of the soil, such as pH and its structure, is sometimes responsible for changes in the chemical composition of the EOs. While the essential oil of Helichrysum italicum ssp. microphyllum was not influenced by pH [25] , the EO of Rosmarinus offcinalis L. varied strongly according to the pH of the soil [29] at the same altitude and climate conditions. Plalà-Paul and co-workers [30] , investigating the variation in the chemical composition of the EO of Erygium campestre L. growing in alkaline and acid soil, found that terpenes distribution was clearly influenced by the pH of the soil. The population growing in acid soil contained a significantly greater amount of myrcene and a significantly lower amount of β-curcumene.
Some papers deal with the influence of calcareous and siliceous soils on the variation of the chemical composition of EOs. The EOs of Thymus spinulosus Ten. [31] grown in calcareous soil were characterized by high monoterpene contents, whereas the oils from plants grown in siliceous soil were typified by sesquiterpenes as their major components. In the EOs of Cistus monspeliensis L. grown in siliceous soil, qualitative differences were found in comparison with the oils from plants grown in calcareous soil [32] . Thus the effect of the various exogenous factors on the chemical composition of EOs seems questionable. This effect depends on the plants and is a function of different factors that could influence the metabolism at the same time.
Seasonal variation:
Chemical variations due to season are related to a combination of factors such as precipitation, radiation and temperature. Recent advances in this field focus mainly on optimizing the yields and the harvesting time as a function of the biological-active, toxic or valued compounds.
In a study of the influence of harvesting time on Thymus pulegoides L., it was reported that the content of phenols in the EO was higher at the beginning of the flowering stage [7] . In the EO of Salvia officinalis L., the oxygenated monoterpenes decreased in winter, but the monoterpene hydrocarbons increased in the same period [33] . In Barra this context, it was reported that the major compound of the EO of Artemisia pallens L. decreased significantly from the beginning to the end of the flowering stage (from 67% to 24%) and linalool followed the same behaviour, whereas some compounds increased in the same period [34] . In addition, it has been reported that the EO of Salvia libanotica Boiss. & Gaill. is richer in camphor, thujones (α and β) and camphene in winter-time, than in spring-time [35] .
Recently, in a study carried out on Lavandula stoechas L. ssp. stoechas [36] , analysis of the biochemical pathways which lead to the synthesis of the major compounds of its EO, showed a clear fluctuation during the year. Temperate climatic seasonal variations were examined, but tropical seasonal variations should also be mentioned. It was reported [37] that the composition of the EOs of the tropical plant Guarea macrophylla Vahl. ssp. tubercolata in two different seasons, dry (October) and wet (June), at the same vegetative stage (flowering time), were nearly the same and only small differences were reported. Thus it appears to be that various factors are involved in the chemical composition of the EOs rather than a single factor. These influences could be explained by considering modification of the metabolic pathways as a function of a series of factors. The exogenous factors could generate ecotypes and chemotypes in the same plant species.
Ecotypes and chemotypes of plant species:
The significant chemical difference between two ecotypes of Rosmarinus officinalis L. [38] permitted two chemotypes to be recognized: Cevoli (α-pinene-type) and Lunigiana (1,8-cineole-type). After chemical analysis of two ecotypes of Viola etrusca grown on siliceous and calcareous soil, respectively, two chemotypes were also differentiated [39] . In contrast, for the genus Cistus, the partition of ecotype to chemotype could not be applied to the plants raised in different soils (e.g. calcareous and siliceous) [32] , but the existence of two chemotypes of C. creticus L. was reported using chemometric cluster analysis differentiation [40] . The use of PCA in a chemotaxonomic study [41] of Cedrelopsis grevei H. Baillon led to the distinguishing of four chemical patterns based on the linkage between the harvesting zone and the EO chemical composition.
Five chemotypes of Thymus serpylloides L. ssp. gadorensis growing in different areas of southern Spain were found [14] . Moreover, different chemotypes of T. pulegioides L. growing wild in the same locality of Slovakia were found [42] . Interestingly, the plants were collected according to their odor: ester-like, phenol-like and lemon-like, and, after chemical analysis, three corresponding chemotypes were identified: α-terpenyl acetate, carvacrol, and citral-geraniol. Pluharand and coworkers [43] reported the existence of eight chemovarieties of Hungarian T. glaborescens Willd. sampled from eight corresponding different localities.
In a recent study of Norwegian Tanacetum vulgare L. the identification of seven chemotypes was reported [44] , but a preliminary study demonstrated the genetic uniformity of the plants. In this context, a direct relationship was reported between six chemotypes of the EO of Malaleuca alternifolia L. and their geographic origin [45] . It was noted that it is often difficult discerning the general definition of ecotypes and chemotypes used by the researchers.
Based on these data, it is concluded that ecotypes are populations of the same species living under different geographical conditions, which often are so named until chemical analysis of their extracts. Furthermore, after chemical analysis of the volatile compounds, differences can be found that might lead to the identification of chemotypes. Hence, the chemotype represents a multi-individual chemical variation of a plant's secondary metabolites induced by geographical location. In addition, there is no generally agreed system of chemotypes classification and it is clearly a problem to distinguish "essential oil chemotypes" based on just one major volatile compound, because frequently there are two or more major compounds which may be present in nearly equal amounts. Grayer [46] proposed, for the EO of Ocimum basilicum L., to assign the essential oil profile classes based on all the major constituents (constituting more than 20% of the total essential oil content), even if there are three or four major volatiles. More recently, Ito and Honda [47] proposed classification of the essential oils of Perilla species according to the biosynthetic pathway generating the major components of the entire oil. Briefly, the oil of Perilla can be classified into two types: Type MT (monoterpene), whose oil is mainly composed of monoterpene compounds, and Type PP (phenylpropane), whose oil contains mostly phenylpropane derivatives. Those classifications should be useful for further chemotaxononic studies when quantitative chemical differences are reported. 
The endogenous factors
Endogenous factors are related to the site of production and accumulation of the EOs in the plant, the age of the plant, and the genetic characteristics that regulate the secondary metabolism. The environment could also affect the DNA of the aromatic plants leading from chemotypes to different genotypes.
Part of the plant:
The part of the plant used to obtain EOs should be considered an endogenous factor because is related to the anatomical and physiological characteristics of the plants. For example, in the Lamiaceae, the EOs are located in the aerial parts of the plants, but in the Citrus genus of the Rutaceae, EOs are located in peels and leaves. Moreover, the location and nature of the secretory structures vary from species to species.
A number of papers have reported on the variability in the chemical composition of EOs extracted from different parts of the plant. In this respect, the EO of Salvia officinalis L. from the flowers is richest in βpinene, while the EO from the leaves is richest in thujones (α and β) [48] . The different chemical composition between the EOs obtained from the leaves and flowers of Lavandula stoechas L. ssp stoechas was reported, noting significant differences in the content of 1,8-cineole and myrtenyl acetate [49] . Chemical variability of the EOs obtained from four different tissues of Cryptomeria japonica L. D. Don, showed strong differences, especially for the content of the sesquiterpenes [50] .
Age of the plant and plant tissue:
Few studies have reported the influence of the endogenous factor "plant age" on the chemical composition of EOs. The variability of the EO of Artemisia molineri Quèrel, M. Barbero & R. J. Loisel was shown to be much more related to environmental conditions than to aging. The EO obtained from two years-old plants of Thymus vulgaris L., was richer in thymol than the EO obtained from five year-old plants in the same vegetative cycle [52] . Major differences between the EOs from four year-old and eleven year-old plants of Eucalyptus camaldulensis Dehnh. were also reported [53] . In regard of "new" versus "old" plant tissues, Afolajan [54] reported that ripe and rotten (very old) lime oil possess similar major component,s except for α-terpinolene (2.5 and 8.5 % ripe and rotten, respectively), and α-pinene and linalool were detected only in ripe lime oil. Some minor, but odornotable compounds were detected in ripe lime fruit, but others were found only in the rotten fruit oil. Mc Conkey [55] reported that, in peppermint leaves, the monoterpene content rises rapidly between 12 and 20 days of age, then levels off as full expansion is reached, and then remains stable for the remainder of the leaf life.
Recent advances on the use of RAPD to discriminate genotypes of aromatic plants:
Recently, the application of the PCR-related technique, known as Random Amplified Polymorphic DNA (RAPD), described elsewhere [56, 57] , has tried to give a "genetic" answer to the chemical differences evidenced in the same plant species grown in different conditions. Using this technique, in the last decade a number of researchers tried to relate chemical polymorphism to genetic polymorphism. A definition of genotype was suggested by Langenheim [58] as: "Genotype is a major determinant of how plants acquire and utilize resources and leads to large differences in secondary metabolite synthesis". The genetic differences between two chemotypes of Helichrysum italicum ssp. microphyllum growing at different altitudes was described [59] using RAPD markers ( Figure 2 ). The genetic variation of Rosmarinus tometosus Hub.-Mor. & Maire was investigated using the RAPD-technique [60] . The chemical and the genetic differences in R. officinalis L. have been correlated [61] by appraisal of the chemical and the RAPD data with PCA to distinguish four different clusters corresponding to the four harvesting areas located at different latitude and longitude (Figure 3 ).
Three different populations of Salvia fruticosa Mill. were studied using RAPD markers and EO profiles in order to differentiate the genetic diversity of this plant [62] . The considerable variation in the composition of EOs allowed three clusters to be distinguished from the canonical discriminate analysis, corresponding to the three selected populations from different geographic locations. After genetic characterization coupled with hierarchical cluster analysis, a very extensive level of polymorphism was observed, confirming that there is also genetic variability within each population.
The correlation between chemical and genetic diversity evaluated by the RAPD-technique has been carried out for six cultivars of Tymus vulgaris L. [63] . Multivariate analysis allowed the separation of two chemical and genetic groups. Barra Figure 2 : RAPD fingerprint obtained using one arbitrary primer on the DNA extracted from Helichrysum italicum ssp. microphyllum growing at different altitudes [59] .
Figure 3:
Example of three-dimensional-PCA of the information obtained by using six primers RAPD on the DNA extracted from Rosmarinus officinalis harvested in different areas: South ( ); Center ( ); North ( ); East ( ) [61] .
A high correlation between genetic results and volatile oil constituents was found [64] during the analysis of the EO of Ocimum gratissimum L. Three chemotypes (eugenol-type, geraniol-type, thymoltype) were distinguished and the RAPD results were strongly in accordance with the secondary products analyzed.
Twenty genotypes of Tanacetum vulgare L. were identified and related to their geographical origin because a high correspondence between genetic polymorphism and the chemotypes was found [65] . After application of the RAPD analysis in Artemisia annua L. a high degree of genetic polymorphism was found [66] related to the chemical variability. Correlation between genetic variations and the existence of three chemotypes of Primula ovalifolia Franchet. has also been reported [67] . Genetic differences also revealed clear chemical differentiation in Acorus chemotypes [68] .
Often ecotypes of the same species growing in different areas could be identified as different chemotypes; after this overview, it can be seen that from a biochemical point of view, chemotypes are frequently genotypes.
Analysis of the data discussed leads to the hypothesis that the exposure of a plant, for a long time, to different exogenous factors, could cause it to undergo genetic modification. This makes the biosynthetic pathways different and allows variation in the qualitative/quantitative production of volatile secondary products determining chemotypes. Thus, the genotype could be considered the last discrimination after previous identification of ecotypes and chemotypes.
Furthermore, chemotaxonomic studies on plants with essential oils should be approached taking into account that the specimen should be correctly identified, harvested in different seasons, and in different pedological or climatic conditions. Chemical marker(s) must be unambiguously identified using powerful analytical methods, and efficacious statistical methods must be used for definite interpretation of chemical data recorded on representative samples. Finally a chemotaxonomic approach should be the result of the analysis of morphological traits combined with chemical and molecular markers, as previously suggested [4] .
